ABSTRACT
essary for differential transcription of the 51A and 51B genes lie within the 5' coding region. A hybrid gene that contains 51B upstream sequences (-475 (2) , and variant surface glycoprotein switching in trypanosomes (3) . An additional example is the mutually exclusive expression of surface antigen in Paramecium. Paramecium tetraurelia stock 51 possesses 11 different types of surface antigens, yet only a single type is found on the surface of a cell at any one time (reviewed in refs. 4 and 5) . Although the expression of some surface antigens is limited to a particular environmental condition (i.e., temperature, pH, and salinity), others show stable (yet mutually exclusive) expression under identical culture conditions (6) . Recently, our laboratory developed a system to analyze the molecular basis of surface antigen variation in Paramecium.
Paramecium surface antigens are large (250-310 kDa) cysteine-rich glycoproteins that are anchored to the cell membrane via a glycosylinositol phospholipid anchor (7) . Since surface antigens cover the entire exterior of the ciliate cell, including the cilia, they are an extremely abundant protein and account for -3.5% of total cellular protein (8) . Comparison of the amino acid sequences reveals that the amino-and carboxylterminal regions of the surface antigens are most conserved,
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. and the central portions of the polypeptides are the most divergent. Primary amino acid sequences of surface antigens display a defined cysteine periodicity with 8 cysteine residues characteristically spaced over a region of "70 amino acids (9, 10) . Certain Paramecium surface antigens, such as 51A, 51B, and 168G, contain nearly perfect tandem repeats of cysteine periods in their central variable regions (10) (11) (12) (13) .
The genes encoding the surface antigens of P. tetraurelia stock 51 make up a family of distinct, unlinked loci (14) . A number of these genes have been cloned and completely or partially sequenced, including 51A (10), 51B (11), 51C (10), 51D (15) , and 51H (16 (14, 18) . Recent studies have shown that surface antigen expression is regulated at the transcriptional level and, under certain circumstances, may involve posttranscriptional mechanisms (17, 19, 20 (20) . In this paper, we show that at least some of the elements necessary to control mutually exclusive expression are located in the coding region of the surface antigen gene.
MATERIALS AND METHODS
Cell Lines, Media, Growth Conditions, and Immobilization Assay. P. tetraurelia stock 51 is homozygous for the 51A and 51B surface antigen genes. Mutant strain d12.141 was origi-nally derived from stock 51 and contains both macronuclear and micronuclear deletions of the 51A gene as well as a complete macronuclear deletion of the 51B gene (11, 21) . Cells were cultured and tested for surface antigen expression exactly as described in our previous paper (20) .
Plasmid Construction. pSA and pSB have been described (10, 11, 14 (22) . The resulting PCR-generated fragment was digested with Cla I and Kpn I and cloned into the Cla I and Kpn I cut plasmid pSB'A-475, which has also been described (20) .
The primers used to create the 51B gene fragment for substitution into the parental plasmid pSB'A-475 were GATCGTCGACGGTACTATCAATTTCCAACT (-475, Sal I site underlined) and GACTATCGATCATTCTAAT-CAAGCTAAATT (-43, Cla I site underlined). This clone differs from the normal 51B upstream sequence in that a Cla I site was present at approximately the -26 position. The DNA construct pSB(-1649-+885)A was created by PCR with the primer pair of GCTAGTCGACGTAGAAATATTA-ATATTG (-1631, Sal I site underlined) and CGGGGTAC-CTGTCCAGTAGCAATCTCCAT (+860, Kpn I site underlined) and pSB as template. The PCR-generated fragment was digested with Sal I and Kpn I and cloned into Sal I/Kpn I-digested pSA-K. The creation of the Kpn I site resulted in the substitution of a C for a T at +885 and a substitution of a T for an A at +882. These were silent mutations and no change in amino acid identity occurred. pSB(-26-+885)A was created by PCR using the primer pair of CCCATCGATAAAC-CTAAAGTTAATACTTTT (-2, Cla I, site underlined) and CGGGGTACCTGTCCAGTAGCAATCTCCAT (+860, Kpn I site underlined) and pSB as template. The PCR-generated fragment was digested with Cla I and Kpn I and was cloned into Cla I/Kpn I-cut pSA-1508, which previously was called pSA-1500 (20) . pSB(+2375-+2971)A was created by PCR using the primer pair of TATGTTTAAAGTTTGGCTACAGCTTG-TACT (+2359, Hpa I site underlined) and ATTAAGATCT-CACGCAATCACCTTAAGCTG (+2971, Bgl II site underlined) and pSB as template. The PCR-generated fragment was digested with Dra I and Bgl II and cloned into Hpa I/Bgl II-digested pSA. The plasmid pTc2 (a-tubulin) used in the in vitro nuclear run-on assays was a gift from John Preer, Jr. (Indiana University, Bloomington, IN).
Microinjection. Microinjections were performed as described (23) . DNAs were dissolved at a final concentration of 2 ,tg/jtl in a buffer consisting of 114 mM KCI, 20 mM NaCl, and 3 mM NaH2PO4 (pH 7.4). Between 3-6 pl of this solution was injected into the macronucleus of each recipient cell by using a glass microneedle 1 to 2 t,m in diameter at the tip. All coinjected DNAs were microinjected as supercoiled DNA at a 1:1 molar ratio.
In Vitro Nuclear Run-On Transcription Analysis. Transcriptional activity was examined by using the run-on transcription assay as described (17) . Filters RNA was isolated by using the guanidine hydrochloride method previously described (18) . RNA slot blots were prepared by using a vacuum slot blotter (24) . A Schleicher & Schuell maximum strength Nytran filter was prepared containing 10 [kg of total RNA per slot. Typically, this filter was probed three successive times-first with a probe for the 51A gene (a 1.4-kb HindIII fragment or a 0.9-kb Cla I-Kpn I fragment), second with a probe for the 51B gene (a 1.0-kb HindIII fragment or 0.9-kb Cla I-Kpn I PCR-generated fragment), and finally with a probe against the a-tubulin gene (a 2.2-kb EcoRI fragment) ofParamecium. Stripping of the filters was as recommended for nylon membranes (24) . Filters were hybridized and washed exactly as described (20) .
Radiolabeled DNA probes. [a-32P]dCTP radiolabeled DNA probes were prepared by nick-translation from DNA that was twice gel-purified and recovered from agarose gels by using the squeeze-freeze procedure (24) . Typical specific activity was 2 x 107 cpm/,g. Immobilization assays were performed on cotransformed cell lines immediately prior to isolation of total RNA and preparation of nuclei for in vitro nuclear run-on transcription assays. Total DNA isolation was performed as described (20 14 transformed cell lines were identified, and all coexpressed the 51A and 51B proteins. Table 1 shows the percentage of cells that were immobilized by anti-A and anti-B antisera for the three lines that were selected for molecular study. Each of these lines consistently and reliably expressed both 51A and 51B on at least 80% of the cells in each culture. Steady-state concentrations of both 51A and 51B mRNA were present despite low (but detectable) rates of transcription of the 51B gene as compared with the chimeric gene (Fig. 2B ). These experiments demonstrate that replacement of the region between -26 and +885 of the 51A gene with 51B sequences allows some cotranscription with the 51B gene to occur, and most importantly, it allows coexpression of the 51B protein with the chimeric protein (which is mostly 51A) on the cell surface. Fig. 3B demonstrate that, unlike the chimeric gene containing the 5' coding region, the chimeric gene containing +2375 to +2971 is not excluded from transcription by the 51A gene (pSA). Although the signal in the run-on transcription assay was significantly lower for the chimeric gene, copy number analysis showed that there was 15-fold more pSA than pSB(+2375-+2971). The reason for this large difference in the copy number between pSA and pSB(+2375-+2971)A is not understood, but it was true for all four transformants that were analyzed. Although the substitution of this segment of 51B into 51A may affect the replication of this plasmid, on a per gene basis it does not prevent transcription with 51A.
RESULTS

Upstream
DISCUSSION
Our approach to understanding the mutually exclusive expression of surface antigens has made use of chimeric genes between the 51A and 51B genes. The wild-type 51A and 51B genes, whose products are 77% identical at the amino acid level, are strictly excluded from coexpression. In a previous report we demonstrated that the expression of the 51A and 51B surface antigen genes is regulated at the transcriptional level, and although the region upstream of -26 in the 51A gene is necessary for transcriptional activity, it is not sufficient to control mutually exclusive expression (20) .
This paper shows that the DNA upstream of +1 cannot control mutually exclusive expression by itself (Fig. 1) (Fig. 3A) . This result shows that the chimeric gene has lost the 51A-specific elements necessary for coexpression with the 51A gene. (29, 30) .
The regulation of Paramecium surface antigen expression shows similarities and also some sharp contrasts to surface protein expression systems in other lower eukaryotes. Both the variant surface glycoprotein (VSG) genes of trypanosomes and Paramecium surface antigen genes are located in subtelomeric locations (11, (31) (32) (33) (14) . Although in situ activation of VSG genes (activation without DNA rearrangement) shows similarity to Paramecium surface antigen expression, this mode of regulation is not well understood. Current hypotheses suggest that activation of specific expression sites may be due to reversible changes in chromatin structure around telomeric DNA (32) . These changes may be similar to the silencing phenomenon observed in subtelomeric regions of yeast (34) . In the ciliated protozoan Tetrahymena, mRNA stability plays a major role in the expression of the variable surface antigens (27) . This contrasts with Paramecium surface antigen expression, which appears to be controlled primarily at the level of transcription (17, 19, 20) .
Obviously, much work remains to be done to clearly understand this system. Further biochemical characterization of the 5' coding region as well as the conserved upstream sequences is being pursued and should help to clarify the mechanisms of surface antigen expression.
